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Summary
Background: The control of apical-basal polarity in epithelial
layers is a fundamental event in many processes, ranging
from embryonic development to tumor formation. A key
feature of polarized epithelial cells is their ability to maintain
an asymmetric distribution of specific molecular complexes,
including the phosphoinositides PI(4,5)P2 and PI(3,4,5)P3.
The spatiotemporal regulation of these phosphoinositides
is controlled by the concerted action of phosphoinositide
kinases and phosphatases.
Results: Using the Drosophila follicular epithelium as a model
system in vivo, we show here that PI(4,5)P2 is crucial to main-
tain apical-basal polarity. PI(4,5)P2 is essentially regulated
by the PI4P5 kinase Skittles (SKTL), whereas neither the
phosphatase PTEN nor the PI(4,5)P3 kinase DP110 lead to
loss of apical-basal polarity. By inactivating SKTL and thereby
strongly reducing PI(4,5)P2 levels in a single cell of the epithe-
lium, we observe the disassembly of adherens junctions, actin
cytoskeleton reorganization, and apical constriction leading to
delamination, a process similar to that observed during epithe-
lial-mesenchymal transition. We provide evidence that PI(4,5)
P2 controls the apical targeting of PAR-3/Bazooka to the
plasma membrane and that the loss of this polarized distribu-
tion is sufficient to induce a similar cell shape change. Finally,
we show that PI(4,5)P2 is excluded from the cell apex and that
PAR-3 diffuses laterally just prior to the apical constriction in
a context of endogenous invagination.
Conclusions: All together, these results indicate that the PIP5
kinase SKTL, by controlling PI(4,5)P2 polarity, regulates PAR-3
localization and thus the size of the apical domain.
Introduction
Epithelia fulfil various tasks that rely on highly organized cell
polarity. The apical and the basal-lateral domains of epithelial
cells are established and maintained by a network of mutually
exclusive factors that regulate the size of each domain, the
localization of intercellular junctions, and cytoskeleton organi-
zation [1]. The Crumbs complex (Crumbs, Stardust, and PATJ)
is the most apical complex. While its function in polarity is well
established inmammals [2], crumbsmutant cells inDrosophila
present only weak or no polarity defect during the mainte-
nance of the follicular epithelium [3] and in the neuroepithelium
of photoreceptors [4]. The lateral domain is defined by the
Scribble complex (SCRIB, LGL, and DLG) and PAR-1. Lastly,2Present address: UPRES EA 4530, Faculte´ de Pharmacie, Universite´
Paris-Sud 11, 5 rue Jean-Baptiste Cle´ment, 92296 Chaˆtenay-Malabry,
France
*Correspondence: claret.sandra@ijm.univ-paris-diderot.fr (S.C.), guichet.
antoine@ijm.univ-paris-diderot.fr (A.G.)the apical-lateral boundary is defined by a master polarity
regulator consisting of PAR-3 (encoded by the Bazooka
[BAZ] gene in Drosophila), PAR-6, and aPKC that defines the
position of intercellular junction domains, adherens junctions
(AJs) in Drosophila. PAR-3/BAZ contacts the components of
cell adhesion complexes and functions in their assembly [2].
PAR-6 and aPKC sustain the borders andmaintain the integrity
of the apical domain [5, 6]. In most cases, the precise posi-
tioning of BAZ is determined both by exclusion mediated by
PAR-1 and the Scribble complex and by a tight apical regula-
tion mediated by aPKC, PAR-6, Crumbs, and Stardust [3, 7–9].
In addition to protein polarity, the plasma membrane of
epithelial cells is specified into distinct domain by phosphoi-
nositides: PI(4,5)P2 concentrates at the apex, and PI(3,4,5)P3
concentrates at the basal-lateral surface of the cell [10, 11].
However the functional significance of this asymmetry with
regards to apical-basal polarity has been mostly investigated
in cell culture models and remains elusive [5, 12, 13].
To understand the role of phospholipid asymmetry in cell
polarity in vivo, we investigated the requirement of PI(4,5)P2
and PI(3,4,5)P3 for the organization of Drosophila ovarian
follicular cells (FCs). The FCs form an epithelium around the
female germline cyst, with their apex contacting the oocyte
and their basal side facing the lamina. In the Drosophila
genome, there are three PI4P5Ks (SKTL, PIP5K59B, and
PIP5K102E), one PI(4,5)P3K (DP110), and one PI(3,4,5) phos-
phatase (PTEN) (Figure 1D) [14]. Here we show that Skittles
(SKTL) is essential to PI(4,5)P2 synthesis in FCs.
We report here that PI(4,5)P2 is crucial to maintain epithelial
integrity, whereas PI(3,4,5)P3’s involvement is unlikely. By
inactivating sktl in a single cell in the epithelium, we show
that PI(4,5)P2 regulates the localization of BAZ, aPKC, and
AJs, but none of the lateral determinants. The downregulation
of PI(4,5)P2 promotes the apical recruitment of actin and
decreases the size of this apical domain, leading to an epithe-
lial-mesenchymal transition (EMT)-like process [15]. During
tubulogenesis of the dorsal appendages, an endogenous
process of invagination, we show that PI(4,5)P2 is excluded
from the FC apex, prior to BAZ delocalization and apical
constriction, suggesting that the regulation of the SKTL activ-
ity participates in the control of the apical size domain and
hence control of cell shaping.
Results
PI(4,5)P2 Maintains Follicular Epithelium Integrity
Wemonitored the phosphoinositide distribution in FCs by using
pleckstrin-homology (PH)-GFP transgenes with PI(4,5)P2- or
PI(3,4,5)P3-specific PH domains (see the Experimental Proce-
dures). We observed that PI(4,5)P2 associates with the cell cor-
tex throughout the epithelium with higher levels in the apical
domain (Figure1A).PI(3,4,5)P3 isexcludedfromtheapicalmem-
brane and accumulates at the basal-lateral membrane of the
cells and in the nucleus (Figure 1B). Thus, in the follicular epithe-
lium, like in most biological systems [5], PI(4,5)P2 defines the
apical surface, and PI(3,4,5)P3 the basal-lateral one (Figure 1C).
To investigate the requirement for these phosphoinositides
in the establishment of the follicular epithelium polarity, we
Figure 1. Localization and Function of the Phospholipids PI(4,5)P2 and
PI(3,4,5)P3 in the Follicular Epithelium
FCs form an epithelium around the germline cyst. Their apex is to the top
and contacts the oocyte, and their basal side is to the bottom and faces
the lamina.
(A–C) Phosphoinositide distribution is monitored by PH-GFP transgenes
containing GFP fused to the PI(4,5)P2-specific PH domain of phospholipase
Cd (A) or to the PI(3,4,5)P3-specific PH domain of GRP1 (B). A schematic
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1072first inactivated the PI4P5K SKTL (Figure 1D). In the follicular
epithelium, the inactivation of SKTL in clones of cells mutant
for the amorphic allele sktlM5 triggers a drastic depletion of
PI(4,5)P2 levels (Figures 1E and 1F). Therefore, although there
exist three different PI4P5Ks in the Drosophila genome [14],
SKTL is the major kinase producing PI(4,5)P2 in the follicular
epithelium. In agreement with this, SKTL and PI(4,5)P2 are
similarly distributed (Figure 1A and Figure S2A available
online).
To inactivate sktl in all the FCs, we used a viable transhetero-
zygous combination of hypomorphic alleles (sktl2.3/sktlD5)
rescued specifically in the germline cells by maternal expres-
sionofGFP-SKTL. In this case, the follicular epitheliumpresents
an aberrant stratification (Figure 1G; 80%, n = 46).When clones
of theamorphicallele sktlM5are induced, only a fewmutant cells
are recovered, but with more severe defects. The continuity of
the follicular epithelium can be disrupted by gaps (Figure 1H),
and mutant cells can delaminate (Figure 1J). Most frequently,
ectopic stratifications made of both mutant and wild-type
cells are observed (Figure 1I). Hence, the depletion of PI(4,5)
P2 mediated by sktl inactivation strongly affects the epithelial
integrity autonomously, but also nonautonomously.
Since PI(3,4,5)P3 is mainly generated by phosphorylation of
PI(4,5)P2 by PI(4,5)P3K (Figure 1D) [16], the mutation of SKTL
indirectly leads to a decrease in PI(3,4,5)P3 (Figure S1E). The
lack of either one or both phosphoinositides could account
for the observed morphological epithelial defects. To distin-
guish between these possibilities, we analyzed PI(3,4,5)P3
involvement alone in an amorphic allele of the single
Drosophila PI(4,5)P3K gene, DP110 [14] (Figure S1B). dp110
mutant cells do not trigger any epithelial disorganization,
even if cell growth is decreased as expected [17] (Figure 1K).
We also note that DP110 depletion does not increase PI(4,5)
P2 levels, probably due to the initial phosphoinositide ratio in
favor of PI(4,5)P2 (Figure S1A). This suggests that PI(3,4,5)P3
itself is not crucial for FC polarity and that a decrease in its
levels alone is not responsible for the epithelial defects
observed in sktlM5 clones (Figure S1).
Therefore, our data strongly suggest that the epithelial mod-
ifications observed in the absence of SKTL are most likelyrepartition of the distribution of PI(4,5)P2 (red) and PI(3,4,5)P3 (blue) along
the plasma membrane is shown in (C).
(D) PI(4,5)P2 and PI(3,4,5)P3 are produced by kinases and phosphatases.
PI(3,4,5)P3 level is accurately controlled and classically never exceeds
more than 10% of PI(4,5)P2.
(E and F) FCs containing GFP-negative sktlM5 clones (nuclear staining,
arrows) and expressing the PHPLC-GFP transgene specific to PI(4,5)P2
(membranous staining). A lateral section (E) and a section in the epithelial
plane (F) of clones are shown. The genotype of the cells can be followed
by PI(4,5)P2 levels, highest in the twin clones (+/+), homozygote for the
wild-type form of SKTL, and lowest in the sktlM5 mutant clones (2/2).
(G) sktlD5/sktl2.3 egg chamber expressing Sktl-GFP in the germline under
the control of the maternal driver Tub67c-GAL4. The oocyte polarity is
rescued by GFP-Sktl expression (oocyte nucleus marked with an asterisk),
whereas the somatic epithelium mutant for sktl presents multilayers
(arrows).
(H–J) FCs containing GFP-negative sktlM5 clones often display multilayers (I)
and sometimes gaps (H) or delamination (J) of the mutant cells (arrows).
(K–K0) FCs containing GFP-negative clones dp110A (arrows) stained for
actin (red). In (K), only actin is shown.
(L–M0) FCs containing GFP-negative sktlM5 clones (yellow arrows) stained
for CUT (L and L0) or for the phosphorylated CASP3 (M and M0). Nuclei
are marked with DAPI. In (L), only GFP and nuclei are shown. In (M), only
phosphorylated CASP3 is shown.
See also Figures S1 and S2.
Figure 2. the sktl Mutant Cells Undergo an EMT-like Transformation: Actin
Reorganization, Loss of AJs, and Cell Constriction
FCs containing GFP-negative sktlM5 clones (arrowhead) stained for actin (A–
D0), tubulin (E andE0), ARM (F–G0), or a-CAT (H) in red. Nuclei aremarkedwith
DAPI (E–H). (A)–(D0) and (F)–(G0) exemplify the predicted sequence of events
illustrating sktl mutant cell extrusion. All panels represent stage 9/10 egg
chambers. In (A), (B), (C), and (D), only actin is shown. In (E), only tubulin
is shown. In (F) and (G), only ARM is shown. In (H), only a-CAT is shown.
PI(4,5)P2 Sustains PAR-3 Apical Localization
1073specific to a depletion of PI(4,5)P2, rather than to a depletion of
PI(3,4,5)P3, but do not exclude a requirement for a codepletion
to get the complete effect.
PI(4,5)P2 Depletion Mediated by SKTL Inactivation Induces
Epithelial Morphological Changes Similar to EMT
We next investigated how PI(4,5)P2 depletion modifies the
epithelial organization of FCs. The disruption of several mech-
anisms could explain the observed phenotypes: uncontrolled
balance between proliferation and apoptosis, loss of polarity,and adhesion [18]. To address these possibilities, we first
monitored the expression of the marker of proliferating cells,
CUT, which is silenced by the Notch pathway when the FCs
stop dividing at stage 6 of oogenesis [19]. In sktlM5 mutant
cells, CUT is expressed only until stage 6, as in the neighboring
wild-type cells (Figure 1L). Thus, abnormal proliferation does
not seem responsible for the multilayer phenotype. Next
we tested whether abnormal apoptosis was implicated by
staining the mutant clones with the anti-phospho-caspase3
(anti-phospho-CASP3) antibody. In small clones, we never
observed any staining for phospho-CASP3 or picnotic nuclei
(Figure 1M), confirming previous observations in intestine cells
[20]. Only occasional death of one or two cells inmultilayers, or
of cells lacking contact with the epithelium, could be observed
(data not shown). These results indicate that SKTL removal in
FCs, and thus decrease of PI(4,5)P2 levels, does not trigger
abnormal cell proliferation or apoptosis, suggesting that it
may rather affect the epithelial polarity.
The spatial complexity of multilayers and the nonautono-
mous defects in sktl mutants led us to concentrate on small
mutant clones still inserted in the epithelium at a stage when
no division occurs. We analyzed sktlM5 mutant clones in a se-
ries of fixed samples and observed a timely ordered sequence
of events: cells change their morphology, adopt a wedged
shape, and reduce their apical membrane until they lose con-
tact with the oocyte membrane (Figures 2A–2D0). A similar cell
shape remodeling is observed in intestine cells when PI(4,5)P2
depletion is induced by the expression of SigD, a lipid phos-
phatase derived of Salmonella [20], suggesting that it is the
lipid kinase activity of SKTL that is implicated. Before and
during the constriction, a strong apical recruitment of actin oc-
curs (Figures 2A–2C0). These cytoskeleton modifications are
specific to actin and do not seem to affect microtubules (Fig-
ure 2E). These modifications observed in sktlM5 mutant cells
are reminiscent of the ones observed during the EMT in which
the actin cytoskeleton is recruited apically to an active actin-
myosin contractile ring to carry out apex cell constriction [15].
During the EMT, besides actin modification and apex
constriction, cells undergo a disorganization of their cell-cell
contacts, in particular at the level of the AJs, followed by a
de-epithelialization [21]. We therefore examined the AJ com-
ponents Armadillo/b-Catenin (ARM) and a-Catenin (a-CAT) in
sktlM5 mutant cells. ARM first accumulates ectopically at the
apical constriction until the cells loose contacts (Figure 2F).
ARMis thenspreadalong thecell cortexwhile itsoverall amount
appears to increase (Figure 2G). Furthermore, in sktl mutant
cells, a-CAT localization is also abnormal (Figure 2H), albeit
with a slightly lower penetrance (60% of defects, n = 28).
Thus, the AJs are severely altered in the absence of SKTL,
indicating that PI(4,5)P2 is necessary for their stabilization.
Together, our results indicate that the levels of PI(4,5)P2,
and potentially to a less extent levels of PI(3,4,5)P3, have to
be tightly maintained by SKTL to prevent an EMT-like mecha-
nism, including actin-dependent apical constriction, loss of
AJs with neighboring cells, and ultimately cell ingression.
Such an EMT-like defect may explain why clones containing
more than one or two cells are rarely recovered. We propose
that in large sktlmutant clones, cells probably ingress, gener-
ating gaps that alter the epithelium continuity.
The PI(4,5)P2-Binding Protein Moesin Is Dispensable for
AJs and Cell Shape Maintenance
Shape modifications observed in sktl mutant cells are consis-
tent with a role for PI(4,5)P2 in AJ maintenance mediated by
Figure 3. MOE, DP110, and PTENAre Not Involved in the EMT-like Transfor-
mation of sktl Mutant FCs
Mutant cells are indicated by an asterisk. All panels represent stage 9/10
egg chambers.
(A and A0) FCs containing GFP-negative sktlM5 clones (dotted line) stained
for phosphorylated MOE. In (A), only phosphorylated MOE is shown.
(B and B0) FCs containing GFP-negative moePL54 clones stained for BAZ
(red) and DAPI (blue). In (B), only BAZ is shown.
(C and C0) FCs containing GFP-positive dp110A clones stained for BAZ (red).
In (C), only BAZ is shown.
(D–E0) FCs containing GFP-positive pten1 clones stained for actin (red, D)
and for BAZ (red, E). In (D), only actin is shown. In (E), only BAZ is shown.
See also Figures S1, S3, and S6.
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1074the actin cytoskeleton. At the AJ sites, the ERMproteinMoesin
(MOE) is recruited with the synaptotagmin-like protein Bitesize
to sustain the proper organization of actin, which in turn stabi-
lizes the AJs [22]. Accordingly,moemutant cells are extruded
basally in the wing imaginal disc [23]. MOE is activated by
phosphorylation after its binding to PI(4,5)P2 [24, 25]. Consis-
tently, sktl mutant FCs lack phosphorylated MOE, suggesting
a conserved role for SKTL in MOE activation (Figure 3A).
Nevertheless, in moePL54 mutant FCs, where MOE protein
is barely detectable (Figure S3), no apical constriction is
induced, and the apical AJs revealed by BAZ remain indistin-
guishable from those in the wild-type (n = 64, Figure 3B).
Thus, in FCs, the downregulation of MOE activity observed in
sktl mutant cells is not sufficient to explain the morphological
cell changes.
PI(4,5)P2 Maintains the Apical Localization of BAZ and
aPKC
BAZ associates directly with the components of the cell adhe-
sion complexes [2]. Moreover, several studies have proposed
that in epithelia, phosphoinositides are important for BAZ
localization, but they failed to clearly establish which one(s)
[6, 26, 27]. Therefore, we investigated whether SKTL affectsBAZ localization in the follicular epithelium. In sktlM5 mutant
clonal cells, which still present a columnar shape, BAZ diffuses
laterally along the membrane (Figure 4A). In sktl mutant cells
that are already apically constricted or engaged in the process
of extrusion, BAZ presents a diffuse cytoplasmic localization
(Figures 4B–4C0).
Since BAZ serves as a scaffold for aPKC [28], we next inves-
tigated whether SKTL is also required for aPKC localization. In
sktlM5 mutant cells, aPKC loses its apical localization and dif-
fuses throughout the cytoplasm (Figure 4D–4E0). Interestingly,
wedge-shaped sktl mutant cells retain some apical-basal
polarity, with PAR-1 and DLG remaining correctly localized
along the lateral cortex (Figures 4F–4G0 and 4I). However, in
sktl mutant cells about to be extruded from the epithelium,
PAR-1 and DLG are eventually distributed uniformly all along
the plasma membrane (Figure 4H and 4J).
Since in vitro the C-terminal domain of BAZ binds directly
to phosphoinositides, especially PI(3,4,5)P3 [6, 27, 29],
we next wondered whether PI(3,4,5)P3 is important for BAZ
localization in FCs. In dp110A mutant FCs, BAZ is correctly
localized (Figure 3C), suggesting that in vivo, PI(4,5)P2, rather
than PI(3,4,5)P3, is important for the apical accumulation
of BAZ.
PTEN is both a lipid phosphatase that potentially produces
PI(4,5)P2 by dephosphorylating PI(3,4,5)P3 and also a protein
phosphatase able to bind and to dephosphorylate BAZ [30,
31]. Therefore, PTEN could prevent apical constriction and
control the membrane targeting of BAZ. In FCs, only the
PTEN2 isoform presents an apical accumulation (Figures
S2B and S2C) and could thereby potentially sustain BAZ
localization by increasing PI(4,5)P2 levels. However, in pten1
mutant cells, PI(4,5)P2 levels are unchanged, PI(3,4,5)P3
levels are slightly increased (Figures S1C–S1D0), and the
integrity of the epithelium is not compromised (Figures 3D
and S6A). Furthermore, in the absence of PTEN, BAZ localiza-
tion is not affected in FCs (Figures 3E and S6B). Thus, PTEN
seems to be required in Drosophila neither for the positioning
of cells within the epithelial plane nor for their apical-basal
polarity.
Hence, although we cannot formally exclude a corequire-
ment for PI(4,5)P2 and PI(3,4,5)P3 or that SKTL could affect
BAZ independently of PI(4,5)P2, taken together, our results
suggest that the control of PI(4,5)P2 levels mediated by
SKTL seems to be essential for the apical distribution of BAZ
and therefore for the positioning of AJs.
BAZ Delocalization and PI(4,5)P2 Depletion Modify
Epithelial Sheet Morphology in a Similar Mode
BAZ is essential in early development to maintain the epithelial
integrity of FCs [32, 33]. We next asked whether BAZ delocal-
ization is responsible of the morphological change observed
in FCs when PI(4,5)P2 is depleted. In baz815.8 mutant cells,
the integrity of the follicular epithelium is affected similarly to
sktlmutant cells,with stratification of the epithelium (Figure 5A)
and apparition of gaps (data not shown). Moreover, single baz
mutant cells, adjacent to a nonmutant epithelium, change their
morphology and adopt a wedge shape with a reduced apical
membrane (Figures 5B–5C0; 74%, n = 27 at stage 9–10). As
in sktl mutant cells, these EMT-like morphological changes
are associated with an apical recruitment of actin (Figures
5B–5C0). In contrast, the small par-1 mutant cells, which pre-
sent only little lateral dispersion of BAZ (Figure 5E), do not
exhibit strikingmorphological changes such as awedge shape
(Figures 5D–5E0).
Figure 4. sktl Mutant Cells Lose the Apical PAR3/PKC Polarity but Not the
Lateral PAR1/DLG Polarity
GFP-negative sktlM5 FC clones (green, asterisks) stained for BAZ (A–C0),
aPKC (D–E0), and PAR-1 (F–H0) in red or DLG (I–J0) in cyan together with
BAZ (red) and DAPI (blue). (A)–(C0), (D)–(E0), (F)–(H0), and (I)–(J0) show the pre-
dicted sequence of events illustrating sktl mutant cell extrusion. All panels
represent stage 9/10 egg chambers. The scale bars represent 10 mm in
(F)–(H). In (A), (B), and (C), only BAZ is shown. In (D) and (E), only aPKC is
shown. In (F), (G), and (H), only PAR-1 is shown. In (I), only DLG and BAZ
are shown. In (J), only DLG and the nuclei are shown.
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BAZ first extends to the lateral cortex (Figure 4A). To monitor
whether the lateral diffusion of BAZ is sufficient to induce
a wedge-shape remodeling within the follicle cells, we ex-
pressed amutated form of BAZ that cannot be phosphorylated
by PAR-1 (BAZS151A,S1085A-GFP/BAZAA-GFP) and spreads
laterally along the cortex [8]. We observed that when
BAZS151A,S1085A-GFP is strongly expressed, it diffuses laterally
and is associated with an apical constriction (75%, n = 33;
Figure 5F, cells marked with cortical GFP). Similarly, lateral
diffusion of BAZ mediated by the expression of a PAR-1
mutated form lacking a PKC phospho site (PAR-1AEM-GFP/
cellsmarkedwith cortical GFP [34]) also leads to abnormal api-
cal constriction (64% at stage 9–10, n = 80; Figures 5G–5H0).
All these results suggest that the mislocalization of BAZ is
responsible for the morphological changes observed in sktl
mutant cells.
This further suggests that SKTL, by regulating PI(4,5)P2
levels, controls the anchorage of BAZ to the plasma mem-
brane and thereby participates in the tightly regulated pro-
cesses that maintain and restrict BAZ at the apical-lateral
border.
Apical PI(4,5)P2 Downregulation during Tubulogenesis
In the follicular epithelium, a group of anterodorsal cells (ADCs)
undergoes a stepwise morphological process that includes
length extension along the apical-basal axis, formation of
thickened placode, apical constriction, and invagination, re-
sulting in tube formation that will constitute the dorsal append-
ages of the eggshell (Figure 6A) [35, 36].
Such a process provided an endogenous system in which
to test whether the regulation of PI(4,5)P2 and PI(3,4,5)P3
homeostasis is an important issue for morphogenesis of the
follicular epithelium. In normal development, eggs present
two anterodorsal appendages that reflect proper tubulogene-
sis and secretion by the ADCs (Figure 6B). However, when
SKTL is overexpressed or partially inactivated in the FCs, the
two appendages are enlarged and flattened (Figures 6C and
6D), suggesting that tight regulation of the level of PI(4,5)P2
is important for ADC morphogenesis.
Moreover, apical constriction during normal tubulogenesis
is associated with actin apical enrichment, as well as BAZ
and a-CAT lateral spreading, possibly to reinforce zipping dur-
ing elongation of the tube (Figure 6E). Simultaneously, PI(4,5)
P2 is apically excluded in the constricted ADCs (Figure 6E),
while SKTL accumulates below the apical cortex (Figure S2D).
Interestingly, PI(4,5)P2 apical exclusion is already initiated at
the placode formation stage just before the cell constriction
(Figure 6H, asterisk). At that stage, BAZ also begins to expend
laterally (Figure 6G), and the actin cytoskeleton forms long
apical-basal cables (Figure 6F). These observations suggest
that in the ADCs, the apical exclusion of PI(4,5)P2 triggers
BAZ and AJ relocalization to allow apical constriction. A
similar differential positioning of AJs has been reported with
the initiation of epithelial folding during gastrulation of the
Drosophila embryo [37].
Concomitantly to the apical exclusion of PI(4,5)P2 during
constriction within ADCs, we noticed an apical accumulation
of PI(3,4,5)P3 (Figure 6E). To rule out a putative role for
PI(3,4,5)P3 in BAZ and AJ relocalization, as well as ADC
morphogenesis, we took advantage of the fact that strong
accumulation of PI(3,4,5)P3 in ADCs depends on EGF
signaling (Figure S4B). Gurken (GRK), the EGF ligand coming
from the oocyte, activates the EGF receptor Torpedo (TOP)
Figure5. BAZDelocalization InducesanApicalConstriction likesktlMutation
(A–C0) GFP-negative baz815.8 FC clones (asterisks) stained for actin (red).
(D–E0) GFP-negative par-1w3 FC clones (asterisks) stained for BAZ (D) and
actin (E) in red.
(F–F0) FC clones expressing BazS151A,S1085A-GFP (BAZ-aa; expression
marked with nuclear GFP) stained for actin (red). Only one cell strongly over-
expresses BAZ (arrowhead and plasma membrane staining in green); this
cell constricts apically.
(G–H0) FC clones expressing Par-1aem-GFP (expression marked with nuclear
GFP) and stained for actin (G) and BAZ (H) in red. Only one cell strongly over-
expresses PAR-1 (arrowhead and plasma membrane staining in green); this
cell constricts apically.
In (A), only GFP and actin are shown. In (B), (C), (D), (F), (G), only actin is
shown. In (E) and (H), only BAZ is shown.
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1076in the ADCs [38]. We induced ectopic accumulation of PI(3,4,5)
P3 by expressing in FCs a constitutively activated form of TOP
(EGFRlTop) [39] (Figures 6I–6K and S4C). This apical increaseof PI(3,4,5)P3 was unable to trigger the apical exclusion of
PI(4,5)P2 (Figure 6J) or activated MOE (Figure S4E) and did
not induce the lateral diffusion of BAZ (Figure 6K). More-
over, these cells expressing EGFRlTop conserve a wild-type
columnar architecture. Therefore, modification of PI(3,4,5)P3
levels does not seem critical either for BAZ localization or for
apical constriction. We verified that ectopic accumulation of
PI(3,4,5)P3 in the EGFRlTop context relies on the PI(4,5)P3
kinase DP110 (Figure S4D). Furthermore, in accordance with
previous results [40], overexpression of a DP110-activated
form that induces strong PI(3,4,5)P3 cortical accumulation, at
the early stages of tubulogenesis, failed to induce apical
constriction of the cells (Figure 6L; Figure S1D, asterisk).
Conversely, reduction of PI(3,4,5)P3 levels by inactivation of
dp110 also had no effect on cell shape (Figures 1K and S1A–
S1B0). Moreover, at the placode stage, dp110A mutant cells
in ADCs still present the expected BAZ lateral diffusion (Fig-
ure 6M). Therefore, at the apical level of the plasmamembrane,
both the regulation of BAZ anchorage and control of the apex
size seem to be independent of PI(3,4,5)P3.
To investigate the importance of SKTL apical depletion for
cell invagination, we overexpressed SKTL specifically in FCs
to prevent this depletion. Before invagination, SKTL strongly
accumulates at the apical cortex (Figures S1G and S1I). This
triggers a mild cell size increase with no obvious modification
for the levels of lateral PI(3,4,5)P3, apical PI(4,5)P2, and BAZ
(Figures S1G–S1K). However, at the placode formation stage,
when overexpressed SKTL is ectopically localized at the
apex, PI(4,5)P2 and BAZ are equally retained apically, and
the constriction appears to be impaired (Figures S5A–
S5B0 0), which is most likely responsible for the subsequent
defects in appendage formation (Figure 6C). Nonetheless, it
should be noted that in several cells, overexpressed SKTL
failed to accumulate apically. In these cases, SKTL over-
expression did not affect PI(4,5)P2 and BAZ distribution
(Figures S5A–S5B0 0). This suggests that the apical accumula-
tion of SKTL is tightly controlled by a robust process that
can partially overcome SKTL overexpression. Altogether,
our observations support an important role of SKTL,
probably through the regulation of PI(4,5)P2 levels in ADC
morphogenesis.
Discussion
Taken together, our results indicate that PI(4,5)P2 distribution
is critical for BAZ tethering and AJ apical localization control in
order to regulate apical constriction in the follicular epithelium.
As PI(4,5)P2 is the major source of PI(3,4,5)P3, we cannot rule
out a joint implication of PI(3,4,5)P3 in this process. However,
our results indicate that PI(3,4,5)P3 alone is not implicated dur-
ing the constriction in ADCs. The apical levels of PI(3,4,5)P3 in-
crease contrary to what is expected if it was jointly implicated
together with PI(4,5)P2. Furthermore, the overexpression of
SKTL modulates PI(4,5)P2 levels in ADCs without changing
the level of PI(3,4,5)P3. Hence, altogether and in accordance
with previous observations in other Drosophila tissues
[31, 41], our results suggest that PI(4,5)P2 is the important
phosphoinositide during the regulation of apical constriction.
Interestingly, our results further reveal an efficient regulatory
process that tightly limits the apical amount of SKTL, espe-
cially during tubulogenesis.
Drosophila or mammalian PAR-3/BAZ has been shown to
bind to a broad spectrum of phosphoinositides in vitro [6,
26, 27]. We report that in vivo, PI(4,5)P2 is crucial for BAZ
Figure 6. During Appendages Morphogenesis,
Apical Constriction Correlates with PI(4,5)P2
Apical Exclusion and BAZ Lateral Diffusion
(A) Schematic presentation of dorsal appendage
tubulogenesis. At stage 9/10, a group of cells
in the anterodorsal position, ADCs (yellow), re-
ceives different signals from the anterior stretch
cells and from the oocyte. The conjunction of
these signals induces placode formation before
apical constriction of the cells and invagination
of the epithelium. This process leads to tube for-
mation to create two dorsolateral eggshell ap-
pendages. N, oocyte nucleus.
(B–D) Dorsal view of eggshells. A wild-type
eggshell is shown in (B). Overexpression of
GFP-Sktl in FCs (CY2-GAL4; UASp-GFP-Sktl) in-
duces enlargement of appendages (C), whereas
depletion of sktl in all FCs (sktl2.3/sktlD5,
Tub67c-GAL4; UASp-GFP-Sktl) induces append-
ages fusion (D). The small size of the eggshell in
(D) is due to the only partial rescue of sktl2.3/
sktlD5 germline cells by GFP-SKTL. The scale
bars represent 50 mm.
(E) ADCs during the first steps of tubulogenesis.
AJs, PI(4,5)P2, and PI(4,5,3)P3 are visualized
with UAS aCat-GFP, ubi-PH-GFPPLC, and tub-
GFP-PHGRP1, respectively. Actin is marked by
phalloidin and BAZ by immunostaining.
(F–H) During early patterning of the ADCs, the
epithelium thickens to form a placode (asterisk).
Before constriction, the ADCs exhibit a reorgani-
zation of the actin network (F), a lateral diffusion
of BAZ (G), and a PI(4,5)P2 apical exclusion (H).
(G) corresponds to the merge of four z sections.
(I–K) Effects of EGFRlTop clonal overexpression
(marked by nuclear b-Gal/red). PI(3,4,5)P3,
PI(4,5)P2, and BAZ are visualized with GFP-
PHGRP1 (I), PHPLC-GFP (J), and immunostaining
(K), respectively.
(L) FC clones expressing Dp110Act marked with
nuclear b-Gal (red) and stained for actin (white).
(M and M0) FCs containing GFP-positive dp110A
clones (asterisk) stained for BAZ (red). During
placode formation (asterisk), BAZ diffuses later-
ally similarly to wild-type cells. In (M), only BAZ
is shown.
See also Figures S4 and S5.
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AJs are also affected by PI(4,5)P2 depletion, though poten-
tially indirectly. In fact, it has been shown that BAZ and the
actin cytoskeleton are two major contributors to AJ stability
[37, 42, 43].
We have previously shown that in the Drosophila oocyte,
SKTL is required for BAZ and PAR-1 localization to the cortex
[24]. However, the mutual exclusion between PAR-1 and BAZprevented us from assessing which
one is delocalized first. In FCs at stage
9/10, the apical-basal polarity is very
stable, perhaps because of AJs. In these
cells, we provide evidence that PI(4,5)P2
specifically affects BAZ, but not PAR-1,
and that BAZ localization relies mostly
on the PI4P5K SKTL, rather than the
PI3 phosphatase PTEN. Our results,
together with previous biochemical
studies, suggest that PI(4,5)P2 is crucial
for BAZ apical localization [6, 26, 29].In Drosophila, the function of MOE with regards to AJs
seems to vary depending on the tissue. In the wing disc,
moemutant cells can be extruded basally from the pseudoepi-
thelium, suggesting than in this tissue MOE is important for
epithelium integrity [25]. However, in photoreceptor cells,
MOE is dispensable for AJ maintenance and is rather impor-
tant for apical morphogenesis [44]. We show that in FCs,
MOE inactivation upon PI(4,5)P2 removal or MOE depletion
Current Biology Vol 24 No 10
1078has no effect on apical domain size and epithelium integrity.
Therefore, the delamination of PI(4,5)P2 depleted cells seems
to be independent of MOE.
We propose that the apical downregulation of PI(4,5)P2
during dorsal appendage morphogenesis may be crucial for
the onset of tubulogenesis, when cells should constrict their
apices in order to allow epithelial invagination. Indeed, a
more drastic downregulation of PI(4,5)P2 by inactivation of
SKTL triggers columnar epithelial cells to adopt a bottle shape
before delaminatation, resembling an EMT. It should be noted
that we cannot exclude an active participation of wild-type
neighboring cells in the delamination of sktl mutant cells. Sur-
prisingly, during the first steps of tubulogenesis, phospholipid
polarity is totally reversed,with PI(3,4,5)P3 apical andPI(4,5)P2
lateral. This inversion does not appear to be the simple
outcome of DP110 activation and production of PI(3,4,5)P3
from PI(4,5)P2 at the apex. Therefore, another process must
contribute to the decrease in PI(4,5)P2 at the apicalmembrane.
Interestingly, the PI(4,5)P2 phosphatase OCRL interacts with
clathrin-coated pits and theGTPaseRAB5 [45], which is partic-
ularly enriched in the subapical region in ADCs (data not
shown). Thus, it is possible that endocytosis of PI(4,5)P2 leads
to its apical exclusion. Likewise, this may involve a concomi-
tant downregulation of the activity of the PI4P5K SKTL.
Finally, we provide evidence that the level of PI(4,5)P2
required for polarity maintenance in Drosophila epithelia is
controlled by the PI4P5K SKTL, rather than by the tumor-sup-
pressor gene PTEN. These results suggest that the control of
PI4P5K activity is important during normal developmental
but could also be implicated in pathological processes such
as metastasis.
Experimental Procedures
The complete details of the experimental procedures are provided in the
Supplemental Experimental Procedures.
Fly Genetics
Mosaic clones were generated using the FLP/FRT technique [46]. Mosaic
mutant clones were either marked by loss of nuclear GFP (sktlM5, moePL54,
par1w3, baz815.8) or were positively labeled by Tubulin-GAL4 in combination
with UAS-nlsGFP or UAS-Cd2-GFP using the MARCM system (dp110A and
pten1) [47].
Flies were heat shocked for 1 hr at 37C and dissected 48 hr later.
Immunostaining and Imaging
Immunostainings were performed using standard protocols [24]. Antibody
dilutions were as follows: mouse anti-b-galactosidase (Promega), 1:200;
rabbit anti-phospho-Moesin [44], 1:500; rabbit anti-BAZ [28], 1:2,000;
guinea pig anti-PAR-1 [48], 1:100; rat anti-aCAT/D-CAT1 (DSHB), 1:20;
mouse anti b-CAT/ARM (DSHB), 1:500; rabbit anti-aPKC (Santa Cruz),
1:1,000; mouse anti-DLG (DSHB), 1:1,000; mouse anti-CUT (DSHB), 1:200;
rabbit anti-phosphoCASP3 (BD PharMingen), 1:2,000; and mouse anti-
aTUB/DM1A (Sigma), 1:250;
F-actin was decorated with rhodamine-phalloidin (1:200; Molecular
Probes). DAPI was used to label DNA. Images were obtained with a Leica
TCS-SP5 AOBS inverted scanning microscope.
Supplemental Information
Supplemental Information includes six figures and Supplemental Experi-
mental Procedures and can be found with this article online at http://dx.
doi.org/10.1016/j.cub.2014.03.056.
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